1. Introduction {#s0005}
===============

Herpes simplex virus (HSV) infections are considered a significant worldwide health concern. HSV-1 is the main cause of oral infection, affecting the mouth and lips, while HSV-2 is mostly linked to genital herpes. It is estimated that approximately 45--98% of the world's population are seropositive for HSV-1, while about 7% are seropositive for HSV-2 ([@b0055]). In the United States alone, about 40--63% of people are infected with HSV-1, and 16% are infected with HSV-2. The persistence of HSV-2 increases yearly, with 500,000 new cases in the United States ([@b0055]).

HSV viruses are enveloped, double stranded, DNA viruses made up of 152 kbp (HSV-1) and 155 kbp (HSV-2) in length ([@b0045]). The HSV life cycle begins when viral glycoproteins bind host epithelial cellular receptors. The viral glycoprotein D (gD) is the main determinant of cellular binding and fusion ([@b0140]). Upon binding to a suitable host cell receptor such as nectin-1, nectin-2, herpes virus entry mediator (HVEM) or 3-*O*-sulfated (3-*O*S) heparan sulfate (HS), gD forms a fusion complex with gB, gH, and gL. This complex allows the viral envelope to fuse to the host cellular plasma membrane and consequently virus entry into the host cell ([@b0140], [@b0145]). Next, the viral nucleocapsid is transported to the host cell nucleus where viral replication and transcription takes place ([@b0065]). To outsmart the host's immune system, the virus also achieves latent stage by infecting neuronal cells. While latent, the virus is dormant until re-stimulated into the lytic cycle. In this way, HSV is able to propagate itself for the lifetime of the infected host ([@b0095]).

Recently, a lot of attention has been given to the health properties found in tea ([@b0050], [@b0135]). Black, green and oolong tea come from the same plant, *Camellia sinensis*. Black tea is the most consumed drink in the world (78%) after water, while green tea comprises only about 20% and 2% oolong tea ([@b0100]). Black tea is rich in theaflavin polyphenols, in particular theaflavin (TF1), theaflavin-3-monogallate (TF2A), theaflavin-3′-monogallate (TF2B), and theaflavin-3,3′-digallate (TF3) ([Fig. 1](#f0005){ref-type="fig"} ) ([@b0105]).Fig. 1Chemical structures of purified black tea theaflavins, TF1, TF2 (TF2A and TF2B), and TF3.

Black tea theaflavins have been shown to contain antioxidant ([@b0005]), anti-cancer ([@b0070]), anti-inflammatory ([@b0160]), antimicrobial ([@b0005], [@b0060]), and antiviral abilities, including bovine coronavirus, bovine rotavirus ([@b0035]), HIV-1 ([@b0110], [@b0155]), influenza ([@b0160]), and HSV-1 ([@b0025]). Previously, we have showed the antiviral efficacy of the major catechin constituent in green tea, Epigallocatechin gallate (EGCG) and its ester modification, palmitoyl-EGCG in combating HSV-1 infection in Vero cells ([@b0040]). Crude black tea extract has also been shown to contain anti-herpesviral activity and theaflavins may be the major antiviral players ([@b0025]). Here, we want to determine the effect of purified individual black tea theaflavins against HSV-1 infection. Furthermore, theaflavins share many of the structural characteristics of green tea catechins, suggesting that it may also be an effective compound against HSV infections. Thus, application of these agents as natural topical remedy to prevent and treat HSV-1 infection and spreading is promising.

2. Materials and methods {#s0010}
========================

2.1. Cell culture maintenance {#s0015}
-----------------------------

Green monkey kidney cells (Vero) and human lung adenocarcinoma epithelial cells (A549) were kindly provided by Dr. Sandra Adams (Department of Biology and Molecular Biology, Montclair State University, Montclair, NJ 07043, USA). Vero cells were cultured until confluent in Dulbecco's Minimal Essential Media (DMEM) with 5% Fetal Bovine Serum (FBS) and 1 μg/ml gentamicin at 37 °C and 5% CO~2~. A549 cells were cultured until confluent in 1× Ham's F-12 K nutrient media, Kaighn's modification with 2 mM [l]{.smallcaps}-glutamine, with 10% FBS and 1 μg/ml gentamicin at 37 °C and 5% CO~2~.

2.2. HSV-1 UL 46 virus maintenance {#s0020}
----------------------------------

A recombinant strain of HSV-1, GHSV-UL46, expressing the tegument protein pUL46 gene fused to green fluorescent protein (GFP) was used for all viral assays ([@b0150]). Passage of the virus was performed in T-75 flasks and cells were allowed to reach complete cytopathic effect (CPE). The media was then collected, centrifuged and the supernatant containing virus was stored in cryogenic vials at −80 °C.

2.3. Black tea theaflavins {#s0025}
--------------------------

Lipophilic Sephadex (LH-20) resin was purchased from Sigma--Aldrich (St. Louis, MO, USA). Ethyl acetate and acetone were purchased from Merck Chemical Co. (Damstadt, Germany). Black tea crude extract powder (theaflavins 28%) was obtained from DH Nutraceutical (Edison, NJ, USA).

2.4. Preparation of theaflavin (TF1), theaflavin-monogallate (TF2) and theaflavin-3,3′-digallate (TF3) {#s0030}
------------------------------------------------------------------------------------------------------

The specific theaflavin obtained from black tea crude extract were extracted and isolated as described in the previous study ([@b0115]). Ethyl acetate fraction of black tea crude extract was subjected to the LH-20 column and eluted with 40% acetone solution. The TF1, TF2, and TF3 with distinguished reddish color were fractionated. The acetone solution in each fraction was concentrated by a rotary evaporator and lyophilized by a freeze dryer. Their purity (at least 98%) was confirmed by HPLC method ([@b0105]).

2.5. Preparation of black tea theaflavins solution {#s0035}
--------------------------------------------------

Purified TF1, TF2, and TF3 were each dissolved in DMSO to produce a stock concentration of 5 mM theaflavin solution. The stock solution was diluted in media accordingly to produce the desired concentrations of 12.5, 25, 50, and 75 μM.

2.6. Observation of cell morphology {#s0040}
-----------------------------------

Cell morphology was assessed using an AmScope IN200B microscope with an attached camera by comparing treated and untreated samples. Vero and A549 cells were grown in 60 mm dishes for 24 h, and treated with 12.5, 25, 50, and 75 μM of each theaflavin for 1 h. Unadsorbed theaflavin was aspirated and cells were washed with PBS. Fresh media was added to the dishes and cells were examined for morphological changes after 24 h of incubation at 37 °C and 5% CO~2~.

2.7. Determination of cytotoxicity {#s0045}
----------------------------------

Vero and A549 cells were plated in 96 well plates and incubated for 24 h. Cultures of 70--80% confluency were treated with various concentrations of TF1, TF2, and TF3 (12.5, 25, 50, 75 μM) in triplicates for 1 h. Unadsorbed theaflavins were aspirated and fresh media was added to the wells. After incubation for an additional 24 h, cell viability/proliferation was determined using a tetrazolium reduction-based kit MTS \[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium\] (MTS) (G5421, Promega Corp.) as previously described ([@b0040]).

Cytotoxicity was also determined after 72 h of treatment. Vero and A549 cells were plated in 96 well plates with a concentration of 1.0 × 10^5^  cells per ml and a volume of 90 μl per well. Cells were treated with various concentrations of TF1, TF2, and TF3 (12.5, 25, 50, 75 μM) in triplicates. DMSO was used as control as previously described ([@b0030]). Cells were incubated for 3 days at 37 °C and 5% CO~2~, and cellular toxicity were determined using the MTS kit as described above.

2.8. Antiviral activity evaluation using MTS assay {#s0050}
--------------------------------------------------

The antiviral activity of TF1, TF2, and TF3 against HSV-1 was evaluated using MTS method. Vero and A549 cells were plated in 96 well plates with a concentration of 1.0 x 10^5^ cells per ml and a volume of 70 μl per well. HSV-1 virions were treated with different concentrations of TF1, TF2, or TF3 (12.5, 25, 50, 75 μM) for 1 h at 37 °C prior to infection. DMSO was used as negative control. Cells were then infected with treated or untreated HSV-1 and allowed to adsorb for 1 h at 37 °C, 5% CO~2~. Unadsorbed virions were then aspirated and the cells were overlaid with medium. Cells were incubated for 3 days and antiviral activity was determined using the MTS kit (G5421, Promega Corp.). Viral inhibition rate was calculated as previously described ([@b0030]).

2.9. Viral titer determination using plaque reduction assay {#s0055}
-----------------------------------------------------------

Viral titer was determined by standard plaque assay. HSV-1 virions with serial dilution of 10^−1^--10^−6^ were plated onto confluent plates of Vero or A549 cells. The plaques forming units were observed 50 h later. HSV-1 virions were treated with different concentrations of TF1, TF2, or TF3 (12.5, 25, 50, 75 μM) for 1 h at 37 °C prior to infection. Vero and A549 cells were plated in 6 well plates and allowed to reach confluency. The cells were then infected with treated or untreated HSV-1 (1.2 × 10^6^  PFU/mL) with serial dilution of 10^−1^--10^−6^, and allowed to adsorb for 1 h at 37 °C, 5% CO~2~. Unadsorbed virions were then aspirated and the cells were overlaid with a medium-containing agar. Cells were incubated for 50 h at 37 °C, 5% CO~2~ and then fixed with 12.5% formaldehyde in phosphate buffer for 48 h. Plaques were visualized and counted by staining them with crystal violet. Plaque assay was carried out in triplicate.

2.10. Flow cytometry antiviral study {#s0060}
------------------------------------

Vero and A549 cells were grown in 60 mm dishes and allowed to reach confluency. HSV-1 virions were treated with different concentrations of TF1, TF2, or TF3 (25, 50, 75 μM) for 1 h at 37 °C, 5% CO~2~ prior to infection. The cells were then infected with treated or untreated HSV-1 (3.2 × 10^6^  PFU/mL) for 1 h at 37 °C, 5% CO~2.~ Unadsorbed virions were aspirated and cells were washed with PBS. Fresh media was added to the dishes and cells were incubated at 37 °C, 5% CO~2~ for an additional 12 h. Cells were then trypsinized and resuspended in PBS for flow cytometry analysis. Flow cytometry antiviral assay was carried out in triplicate.

2.11. Fluorescence confocal microscopy study {#s0065}
--------------------------------------------

Vero and A549 cells were grown on glass cover slips placed in 6 well plates for 24 h. HSV-1 virions were treated with 75 μM TF3 for 1 h at 37 °C prior to infection. Cells were then infected with treated or untreated HSV-1 (1.2 × 10^6^  PFU/mL) for 1 h at 37 °C, 5% CO~2~. Unadsorbed virions were aspirated and cells were washed with PBS. Fresh media was added to each well and cells were incubated at 37 °C, 5% CO~2~ for an additional 12 h. Cells were then stained with 300 μl of 300 nM DAPI (4,6-diamidino-2-phenylindole) for 5 min at room temperature in the dark. Next, cells were fixed with a 1:1 acetone/methanol solution for 20 min at −20 °C. The glass cover slips were then placed on to a glass slide with 20 μl of glycerol as the mounting media. Cells were analyzed using an Olympus FluoView™ FV-1000 confocal laser-scanning microscope (CLSM).

2.12. Binding assay {#s0070}
-------------------

The binding assay was carried out at 4 °C, a temperature that allows HSV-1 virions to bind to cell receptors but not enter the cells. HSV-1 virions were treated with different concentrations of TF3 (50, 75 μM) for 1 h at 37 °C prior to infection. Vero and A549 cells were plated in 60 mm cell culture dishes and allowed to reach confluency. The cells were infected with treated or untreated HSV-1 (3.2 × 10^6^  PFU/mL) with serial dilution of 10^−1^--10^−6^, and allowed to adsorb for 1 h at 4 °C. Unadsorbed virions were then aspirated and the cells washed with PBS twice. Plaque reduction assays were carried out as described in Section [2.9](#s0055){ref-type="sec"}. Binding assay was carried out in triplicate.

2.13. Penetration assay {#s0075}
-----------------------

Vero and A549 cells were plated in 60 mm cell culture dishes and allowed to reach confluency. The cells were infected with treated or untreated HSV-1 (3.2 × 10^6^  PFU/mL) with serial dilution of 10^−1^--10^−6^, and allowed to bind for 1 h at 4 °C. At this temperature, HSV-1 virions bind to cell receptors but do not penetrate the cells. Unbound virions were then aspirated and the cells were treated with different concentrations of TF3 (50, 75 μM) for 1 h at 37 °C, 5% CO~2~. At this temperature, HSV-1 virions are able to successfully penetrate the cells. Unadsorbed theaflavins were then aspirated and the cells washed with PBS twice. Plaque reduction assays were carried out as described in Section [2.9](#s0055){ref-type="sec"}. Penetration assay was carried out in triplicate.

2.14. Flow cytometry binding/adsorption study {#s0080}
---------------------------------------------

Vero and A549 cells were grown in 60 mm dishes and allowed to reach confluency. In order to study the ability of TF3 to inhibit HSV-1 binding and adsorption, virus and cell treatment with 75 μM TF3 was done at different time points of the viral infection. First, both HSV-1 virions (3.2 × 10^6^  PFU/mL) and cells only were treated with 75 μM TF3 for 1 h at 37 °C prior to infection. Cells were also treated for 1 h at different times points post infection (0, 2, 4, 6, 8, 10 h). After treatment, the cells were washed with PBS, fresh media was added to the dishes and incubated at 37 °C, 5% CO~2~. At 12 h post infection, cells were trypsinized and resuspended in PBS for flow cytometry analysis.

2.15. Statistical analysis {#s0085}
--------------------------

All assays were performed in triplicates and the data analyzed using one way Analysis of Variance (ANOVA) (*P*  \< 0.05) by SPSS.

3. Results {#s0090}
==========

3.1. Black tea theaflavins with concentrations up to 75 μM have no significant effect on Vero and A549 cell morphology and proliferation {#s0095}
----------------------------------------------------------------------------------------------------------------------------------------

Vero and A549 cells were exposed to 0, 12.5, 25, 50 and 75 μM of TF1, TF2, or TF3 for 1 h. Cell morphology was analyzed using phase contrast microscopy at 24 h post treatment. No significant changes in morphology were observed at any of the concentrations used (data not shown). Thus, treatments with TF1, TF2, or TF3 at concentrations up to 75 μM in Vero and A549 cells appear to have low to no cellular toxicity.

To determine whether Vero and A549 cells were viable and could proliferate after being treated with different concentrations of TF1, TF2, and TF3 for 1 h, followed by a 24 h TF-free incubation period, MTS \[3(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium\], a colorimetric kit that measures cellular metabolism was used. As seen in [Fig. 2](#f0010){ref-type="fig"} , treatment of cells with 0, 12.5, 25, 50 and 75 μM of TF1, TF2 or TF3 did not significantly affect cell viability/proliferation. Although the cells responded to theaflavin treatments in a dose-dependent manner in Vero cells, cell proliferation was inhibited at a maximum of 12.60% for 75 μM TF1 and 6.83% for 75 μM TF2, but only 2.75% for 75 μM TF3. Exposure to all concentrations of TF1, TF2, and TF3 inhibited cells proliferation by less than 1.85% in A549 cells. The results suggested that cellular exposure to theaflavins up to 75 μM are not toxic in either Vero or A549 cells. MTS was also used to study the effect of TF1, TF2, and TF3 on Vero and A549 cells with a prolonged exposure time (3 days). The 50% cytotoxicity concentration (CC~50~) of TF1, TF2 and TF3 were 112.5, 100 and 112.5 μM, respectively. The results obtained showed that TF1, TF2, and TF3 are not toxic to Vero and A549 cells at a concentration of up to 75 μM even after 72 h exposure (data not shown).Fig. 2Cell viability and proliferation studies of Vero and A549 cells treated with different concentrations (0, 12.5, 25, 50, and 75 μM) of TF1, TF2, and TF3 using MTS assay. Results indicate the absorbance level of the mean of the results of triplicate tests on Vero (blue) and A549 (red) cells and the *y*-error bars represent standard deviation (SD). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Comparison of antiviral activity of TF1, TF2, and TF3 against HSV-1 {#s0100}
------------------------------------------------------------------------

To study the antiviral activity of TF1, TF2, and TF3 against HSV-1, Vero and A549 cells were infected with treated (0, 6.25, 12.5, 15, 20, 25, 35, 50, 60 and 75 μM TF1, TF2, TF3) or untreated HSV-1 for 1 h, followed by a 3-day incubation period. Half maximal effective concentration (EC~50~) and selective index (SI) were determined. MTS results showed that all three theaflavins possess antiviral activity against HSV-1, TF1 (EC~50~  = 50 μM; SI = 2.25), TF2 (EC~50~  = 25 μM; SI = 4), and TF3 (EC~50~  = 20 μM; SI = 5.625). Based on the SI values, the antiherpesviral activity of theaflavins are in the order of TF3 \> TF2 \> TF1. As TF3 was found to have the highest SI value, plaque reduction assay, flow cytometry assay, and fluorescence confocal microscopy studies were done to confirm TF3's efficacy against HSV-1.

3.3. TF3 reduces HSV-1 plaque formation more effectively than TF1 or TF2 {#s0105}
------------------------------------------------------------------------

To study the effect of TF1, TF2, and TF3 on the production of HSV-1 viral plaques, Vero and A549 cells were infected with either treated (at concentrations 12.5, 25, 50, 75 μM of TF1, TF2, or TF3) or untreated HSV-1. As seen in [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"} , the effect of all three theaflavins was concentration-dependent. Treatments with 12.5 μM TF1, TF2 or TF3 did not show significant reduction of HSV-1 plaque formation. Exposure to 25 and 50 μM TF1 caused a 29.2 ± 5.8% and 77.2 ± 0.78% reduction in HSV-1 PFU in Vero cells and 12.84 ± 4.02% and 91.08 ± 0.12% in A549 cells respectively; exposure to 25 and 50 μM TF2 caused a 20.3 ± 0.45% and 89.0 ± 1.50% reduction in HSV-1 PFU in Vero and 13.88 ± 2.99% and 99.3 ± 0.01% in A549 cells respectively; and exposure to 25 and 50 μM TF3 caused a remarkably 93.56 ± 0.32% and \>99% decrease in titer. Furthermore, exposure of 75 μM TF1, TF2, or TF3 all caused a \>99% decrease in titer in both Vero and A549 cells.Fig. 3Plaque assay of HSV-1 treated or untreated with different concentrations of TF1, TF2, or TF3. (A) Vero cells only, (B) untreated HSV-1, (C) HSV-1 treated with DMSO, (D--F) HSV-1 treated with 25, 50, 75 μM TF1, (G--I) HSV-1 treated with 25, 50, 75 μM TF2, (J--L) HSV-1 treated with 25, 50, 75 μM TF3.Fig. 4PFU of HSV-1 infected Vero and A549 cells treated or untreated with different concentrations (0, 12.5, 25, 50, and 75 μM) of TF1, TF2 or TF3. The numbers represent the mean of triplicate trials and the *y*-error bars represent SD.

While exposure of 75 μM of either TF1 or TF2 expressively reduces the HSV-1 viral titer, exposure of only 50 μM TF3 is sufficient to significantly inhibit the production of HSV-1 viral plaques ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}). The plaque forming units were significantly different from the control (*P*  \< 0.05). Collectively, the results suggest that non-toxic concentrations of TF1, TF2 and TF3 can effectively inhibit HSV-1 viral plaque formation, while TF3 seems to be the most effective among the three.

3.4. Flow cytometry assay supports the antiviral efficacy of TF3 against HSV-1 infection of Vero and A549 cells {#s0110}
---------------------------------------------------------------------------------------------------------------

The antiviral efficacy of TF1, TF2, and TF3 against HSV-1 was also obtained from flow cytometry assay. The ability of HSV-1 to infect Vero ([Fig. 5](#f0025){ref-type="fig"} a) or A549 ([Fig. 5](#f0025){ref-type="fig"}b) cells after being exposed to 25, 50, 75 μM of theaflavin was measured by the GFP intensity levels from the GHSV-UL46 HSV-1 strain. As seen in [Fig. 5](#f0025){ref-type="fig"}, when HSV-1 was treated with different concentrations (25, 50, 75 μM) of TF1 (D--F; D′--F′), TF2 (G--I; G′--I′), or TF3 (J--L; J′--L′), the infection was repressed at a dose-dependent manner. The higher the concentration of TF1, TF2 or TF3, the lower the GFP expression was observed in both Vero and A549 cells. Furthermore, the results of the flow cytometry assay confirm the effectiveness of theaflavins against HSV-1 infection in Vero and A549 cells, with TF3 being the most effective. The results further confirmed that 50 μM TF3 and above is sufficient to greatly inhibit HSV-1 viral infection in Vero and A549 cells ([Fig. 5](#f0025){ref-type="fig"}).Fig. 5Antiviral effect of TF1, TF2, and TF3 against HSV-1 infected Vero (5a) and A549 (5b) cells as analyzed by flow cytometric system. The histograms depict GFP intensity from the GHSV-UL46 HSV-1 strain. (A) Vero cells only, (A′) A549 cells only (B, B′) untreated HSV-1, (C, C′) HSV-1 treated with DMSO, (D--F, D′--F′) HSV-1 treated with 25, 50, 75 μM of TF1, (G--I, G′--I′) HSV-1 treated with 25, 50, 75 μM of TF2, (J--L, J′--L′) HSV-1 treated with 25, 50, 75 μM of TF3.

3.5. Fluorescence confocal microscopy confirms the antiviral efficacy of TF3 against HSV-1 infection of Vero and A549 cells {#s0115}
---------------------------------------------------------------------------------------------------------------------------

To further determine the effect of theaflavins on the HSV-1 life cycle, Vero (A--D) and A549 (A′--D′) cells were infected with either treated (75 μM of TF3 for 1 h) or untreated HSV-1 ([Fig. 6](#f0030){ref-type="fig"} ). The expression and localization of tegument-GFP was observed using a confocal microscope at 12 h post infection. Cells were stained with DAPI and the cell nucleus was analyzed for potential cytopathic effect. Upon infection, the pUL46-GFP tegument protein associates with cellular membranes and localizes throughout the cytoplasm as distinct puncta ([@b0120], [@b0150]). As shown in [Fig. 6](#f0030){ref-type="fig"}, a significant level of pUL46-GFP expression was observed in the untreated HSV-1 control (B; B′) and DMSO treated HSV-1 control (C; C′) in both Vero and A549 infected cells. Contrarily, 75 μM TF3 treated HSV-1 infected cells (D; D′) did not show GFP positive granules, but instead, it closely resembled the uninfected cells control (A; A′). Overall, the results indicate that treatment of HSV-1 with 75 μM TF3 significantly affect the HSV-1 life cycle in both Vero and A549 cells.Fig. 6Fluorescence confocal microscopy observations (600×) of GFP expression and DAPI stain overlay of (A) Vero cells only, (A′) A549 cells only; HSV-1 infected Vero cells (B), HSV-1 infected A549 cells (B′); DMSO treated HSV-1 infected Vero cells (C), DMSO treated HSV-1 infected A549 cells (C′); 75 μM TF3 treated HSV-1 infected Vero cells (D), 75 μM TF3 treated HSV-1 infected A549 cells (D′).

3.6. TF3 inhibits viral attachment in Vero and A549 cells {#s0120}
---------------------------------------------------------

To determine if treatment of HSV-1 with 75 μM TF3 disrupts virions from binding to Vero and A549 cellular receptors, a binding assay was performed. This assay is performed at 4 °C, a temperature that allows viral binding but not cellular penetration. Upon later placing the cells at 37 °C, virions are able to penetrate and complete its life cycle. If theaflavins disrupt viral binding, and consequently prevent viral penetration, no plaques should be observed. As seen in [Fig. 7](#f0035){ref-type="fig"} , 50 and 75 μM TF3 treatment of HSV-1 in Vero and A549 infected cells are sufficient to stop the virus ability to bind and infect cells. While many plaques were seen in the cells infected with both untreated HSV-1 and DMSO treated HSV-1, no plaques were observed when HSV-1 was treated with 50 and 75 μM TF3. Together, this assay suggests that TF3 halters HSV-1 ability to complete its lytic cycle by preventing it from binding Vero and A549 cells.Fig. 7Binding assay of untreated or treated HSV-1 with 50 and 75 μM TF3 in infected Vero and A549 cells. The numbers represent the mean of triplicate trials and the *y*-error bars represent SD.

3.7. TF3 inhibits viral penetration in Vero and A549 cells {#s0125}
----------------------------------------------------------

To determine if treatment of HSV-1 with 50 or 75 μM of TF3 disrupts the cellular penetration step of the HSV-1 life cycle, a penetration assay was performed. This assay is initially performed at 4 °C, which allows viral binding but prevents cellular penetration. The cells and virions are then exposed to 50 or 75 μM of TF3 at 37 °C for 1 h. At this temperature, the virions will penetrate the cells and complete its life cycle. If theaflavins disrupt viral penetration, no plaques should be observed. As seen in [Fig. 8](#f0040){ref-type="fig"} , there was a substantial decrease in plaque formation (84.28 ± 5.82%, and 58.05 ± 12.01) in both Vero and A549 cells accordingly, when HSV-1 was exposed to 50 μM TF3 at the time of penetration. Furthermore, no plaques were seen with 75 μM TF3 treatment of HSV-1 in Vero infected cells (\>99% decrease), while there was an 87.60 ± 1.37% decrease in plaque formation in A549 cells. Thus, this assay suggests that while 50 μM TF3 severely affects viral penetration, a concentration of 75 μM TF3 is needed to significantly halter HSV-1 ability to penetrate Vero and A549 cells.Fig. 8Penetration assay of untreated or treated HSV-1 with 50 and 75 μM TF3 in infected Vero and A549 cells. The numbers represent the mean of triplicate trials and the *y*-error bars represent SD.

3.8. Flow cytometry assay further confirms the ability of TF3 to inhibit HSV-1 binding/adsorption {#s0130}
-------------------------------------------------------------------------------------------------

To confirm the findings established by the binding assay, HSV-1 was exposed to 75 μM TF3 at different time points during its lytic cycle. GFP intensity from the GHSV-UL46 strain of HSV-1 was recorded from all the different treatments using a flow cytometer for both Vero ([Fig. 9](#f0045){ref-type="fig"} a) and A549 ([Fig. 9](#f0045){ref-type="fig"}b) infected cells. Only pre-exposure (F; F′) and exposure at time 0 h (G; G′) of 75 μM TF3 to HSV-1 for 1 h showed an inhibitory effect against HSV-1, when compared to the controls: HSV-1 virus infected Vero and A549 cells (B; B′). Pre-exposure of 75 μM TF3 to Vero cells for 1 h (E; E′) or exposure of HSV-1 at 2, 4, 6, 8, or 10 h (H--L; H′--L′) post infection for 1 h did not have a significant inhibitory effect. The results confirm the findings established by the binding assay. TF3 seems to act directly on the HSV-1 viral particle, hindering its ability to bind/penetrate the cells. Contrarily, TF3 does not show any inhibitory effect once the virus has already penetrated the cells.Fig. 9Flow cytometry analysis of binding/adsorption of untreated or 75 μM TF3 treated HSV-1 in infected Vero (9a) and A549 (9b) cells. The histograms depict GFP intensity from the GHSV-UL46 strain of HSV-1. (A) Vero cells only, (A′) A549 cells only (B, B′) Untreated HSV-1, (C, C′) DMSO treated HSV-1 at 2 h post infection, (D, D′) DMSO treated HSV-1 at 10 h post infection, (E, E′) Vero cells pre-treated with 75 μM TF3 for 1 h, (F, F′) HSV-1 pre-treated with 75 μM TF3 for 1 h, (G--L, G′--L′) HSV-1 treated with 75 μM TF3 for 1 h at 0, 2, 4, 6, 8, 10 h post infection.

4. Discussion {#s0135}
=============

While there have been constant attempts to create a safe and effective vaccine against HSV infections, to date there have been little to no significant achievement ([@b0015], [@b0130]). The current treatment of choice is nucleoside analogs, which targets the viral DNA polymerase and acts as chain terminators by preventing virus DNA elongation ([@b0020]). Despite effective antiviral therapy, the virus has been shown to develop resistant strains, especially in immunocompromised hosts ([@b0010]). The virus acquires mutations in the thymidine kinase (TK) enzyme and/or the viral DNA polymerase gene and can thus bypass any antiviral effect the drug would have produced ([@b0010], [@b0125]). Therefore, there is a need for new antiviral treatments that can substitute or complement currently used anti-HSV medicines.

The antiherpesviral activities of different natural compounds have been the focus of many studies due to their low toxicity and potent antiviral abilities ([@b0040], [@b0085]). While green tea polyphenols have received the most attention in the past years, data presented in this study suggests that black tea theaflavins may be better candidates as a microbicide against HSV infections. Theaflavins have been reported to have no to low cytotoxicity effects on normal human lung fibroblast cells (MRC-5), MT-2 and CEM cells ([@b0110]). Likewise, we show that TF1, TF2, and TF3 have low toxicity towards A549 and Vero cells at concentrations up to 75 μM.

GHSV-UL46, a recombinant HSV-1 virus with GFP gene fused to UL46 tegument protein, was used in this study. It served as a valuable tool to identify green fluorescence granules (viral particles) for fluorescence confocal microscopic observation. The green fluorescent protein can also be detected by a flow cytometer with a 488 nm blue laser, which provided quantitative information on HSV-1 infection.

Several experimental approaches used here demonstrated that TF1, TF2, and TF3 have a powerful inhibitory effect on the HSV-1 lytic cycle, with TF3 being the most effective. This is consistent with previous reports showing that black tea extract (80% TF) are able to inhibit HSV-1 infection ([@b0025]) and reports showing that digallate dimers of EGCG, such as TF3 are more potent inhibitors of HSV infection ([@b0080]). As seen here, treatment of virions with 50 μM and above of TF3 for 1 h and removed after 1 h adsorption caused a \>99% reduction in infectivity in both Vero and A549 cells, as measured by plaque reduction assay ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}) and flow cytometry ([Fig. 5](#f0025){ref-type="fig"}).

Moreover, the binding and penetration assay suggest that TF3 inhibits HSV-1 entry into target cells by interfering with the binding/adsorption of the virions to the cellular receptor ([Fig. 7](#f0035){ref-type="fig"}, [Fig. 9](#f0045){ref-type="fig"}, [Fig. 9](#f0045){ref-type="fig"}). TF3 did not show significant antiviral effect after the virus had already penetrated the cells, implying that this is a direct effect on the virions. Taken the fact that once in contact with an appropriate cell, HSV infections will readily persist, an effective microbicide should be able to target the virus prior to the first contact with the host cell. Thus, TF3 seems to be an ideal candidate to combat HSV prior to host cellular infection. Similar results were seen in a HIV-1 study, in which TF3 also targeted the viral entry step by disrupting the glycoprotein 41 6-HB core structure ([@b0155]).

In summary, the results presented here indicate that black tea theaflavins have a strong HSV-1 inhibitory effect in both Vero and A549 infected cells, while TF3 displays the highest response. As seen in all the antiviral assays conducted throughout the study, TF1, TF2, and TF3 inhibit HSV-1 at a dose-dependent manner. The plaque reduction assay, flow cytometric antiviral assay, and fluorescence confocal microscopy study, demonstrated that TF3 exhibits the strongest effect against HSV-1. The results suggest that TF3 should be further explored for the potential application in the management of HSV-1 infections.

Furthermore, a major advantage of using theaflavins as a microbicide is that they have been shown to be stable at non-favorable conditions such as acidic pH, high temperature and high humidity ([@b0105]). This high stability allows it to be a suitable topical antiviral agent in vaginal pH ([@b0090]). In addition, a recent study has shown that the combination of TF3 and lactic acid may be an effective way to inactivate HSV in the vaginal area, confirming the results seen here ([@b0075]). Finally, the current market anti-herpetic medications are highly costly, making TF3 a plausible, affordable solution for treatment and prevention of HSV infections. In conclusion, the use of TF3 against HSV-1 infections could have significant health benefits, and future studies should focus on better understanding the molecular mechanism by which theaflavins act against HSV-1 in animal models.
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